Introduction
Carbon monoxide (CO) poisoning was not common in Hong Kong prior to 1998. The first reported case of CO poisoning from suicidal charcoal burning New knowledge added by this study • Loss of consciousness, low Glasgow Coma Scale score, intubation requirement, and elevated troponin and creatine kinase levels were possible prognostic factors for development of delayed neurological sequelae in patients with severe carbon monoxide poisoning.
• Presentation of neurological sequelae can be delayed from a few months to a year. Implications for clinical practice or policy • A hospital-based hyperbaric oxygen chamber is recommended to decrease the burden of off-site therapy for patients with severe carbon monoxide poisoning and to facilitate timely treatment in a safe environment in Hong Kong.
• A well-defined treatment protocol with adequate follow-up and neuropsychiatric tests are recommended for patients with severe carbon monoxide poisoning. of her death and the associated publicity. 1 To date, suicidal charcoal burning remains the top cause of suicidal death in this crowded and stressful city.
急性一氧化碳中毒在香港一所分區醫院的 歷史隊列研究
Victims of CO poisoning are sent to either the mortuary or public hospitals in Hong Kong. Most patients who are admitted to hospitals eventually survive with supportive management but there is no standard treatment protocol. Treatment regimens varied in different hospitals at different times. Cases of delayed neurological sequelae (DNS) secondary to CO poisoning are well reported in the literature. [2] [3] [4] [5] [6] In a Cochrane review in 2011, it was stated "It is possible that some patients, particularly those with more severe poisoning, may derive benefit from [hyperbaric oxygen] treatment, but this remains unproven. " 7 Hyperbaric oxygen therapy (HBOT) is now a standard treatment option in many developed countries and China for selected patients with severe CO poisoning.
According to Lam et al in 2006 , 8 the incidence of DNS in Hong Kong was 3.4%, which was much lower than other reported rates of 10% to 30%. [2] [3] [4] [5] [6] [7] The overall incidence of DNS is likely to have been underdiagnosed and under-reported in Hong Kong because of a lack of detailed neurological examination and neuropsychiatric tests during acute management and follow-up sessions.
Pamela Youde Nethersole Eastern Hospital (PYNEH) has been one of the pioneer hospitals to support HBOT for CO poisoning in Hong Kong. The lack of a hospital-based hyperbaric oxygen chamber in Hospital Authority (HA) hospitals in Hong Kong has limited the number of HBOT sessions administered to patients with CO poisoning, particularly those with severe poisoning, because of the risks associated with patient management at a remote site deprived of medical support. Special arrangements would currently be required to send a patient to Ngong Shuen Chau for HBOT. To date, PYNEH has been the principal advocator of HBOT for CO poisoning patients in Hong Kong and has treated the largest number of severe cases.
This 10-year retrospective study aimed to describe the clinical profile of all CO poisoning patients admitted to PYNEH with the aim of improving vigilance of health care professionals for DNS associated with CO poisoning and identifying the prognostic factors for their development. The study also aimed to assess the impact of HBOT on the development of DNS in these patients.
Methods

Data collection
Patients with a diagnosis of CO poisoning documented in the Clinical Management System (CMS) of the HA and being managed at PYNEH between 12 February 2003 and 8 November 2013 were included. This entailed recourse to the Clinical Data Analysis and Reporting System (CDARS) of the HA. Relevant accident and emergency notes, radiological reports, laboratory results, and discharge summaries were retrieved. The following were recorded where available: age, sex, systolic and diastolic blood pressure, heart rate, temperature, electrocardiogram (ECG), Glasgow Coma Scale (GCS) score at presentation, endotracheal intubation, history of or presence of loss of consciousness (LOC), blood tests for carboxyhaemoglobin (COHb) level, creatine kinase (CK) level, troponin (Tn) level, HBOT, complications from HBOT, development of DNS, co-ingestion, suicidal methods and intention.
Case selection of hyperbaric oxygen therapy in our hospital
The use of HBOT for severe CO poisoning was advocated in the Intensive Care Unit of PYNEH after 2008. The need for HBOT in patients who presented with CO poisoning was judged on a case-by-case basis. The indications for and contra-indications to HBOT for patients with severe CO poisoning are summarised in 
Results
A total of 95 cases were diagnosed with CO poisoning during the study period. One case was excluded because the patient presented with cardiac arrest and succumbed shortly after admission before any blood tests were performed. Another case of DNS that resulted in convulsion, dysphasia, and double incontinence was excluded as the acute CO poisoning event occurred in Manila. The remaining 93 cases were recruited for analysis. All the demographic data and blood test results are shown in Table 2 . Among the 93 patients analysed, 24 received HBOT; DNS had not developed in this group of patients. Nonetheless DNS had developed in seven patients who did not undergo HBOT.
Patients with delayed neurological sequelae
Among the seven cases of DNS where patients did not undergo HBOT, no formal follow-up had Pressure been arranged to detect DNS associated with CO poisoning. Nonetheless, DNS was diagnosed in these cases because the neurological symptoms became evident during the same episode of hospitalisation, or the neurological symptoms were detected by their caretakers after the initial hospitalisation.
The clinical profiles of these DNS patients with radiological confirmation are summarised in Table  3 .
Hyperbaric oxygen therapy
There were 24 patients treated with HBOT. Their mean age was 36.3 (range, 19-61) years and the male-to-female ratio was 1:1. Of these 24 patients, the source of CO poisoning in 23 (96%) was charcoal burning and one (4%) patient had accidental CO poisoning due to leakage of a liquid petroleum gas combustion system while bathing. In 21 (87.5%)
Abbreviations: BP = blood pressure; CK = creatine kinase; CO = carbon monoxide; COHb = carboxyhaemoglobin; DNS = delayed neurological sequelae; ECG = electrocardiogram; GCS = Glasgow Coma Scale score; HBO = hyperbaric oxygen; IQR = interquartile range; LOC = loss of consciousness; LPG = liquefied petroleum gas; SD = standard deviation * Unless otherwise indicated 
Complications of hyperbaric oxygen therapy
Complications secondary to HBOT developed in three patients: perforated tympanic membrane in one patient, left otitis media related to grommet insertion before HBOT in one, and barotrauma with left ear pain due to blockage of the myringotomy site in another who required repeated myringotomy. Nonetheless all patients completed the whole course of HBOT without long-term sequelae.
Patients with carbon monoxide poisoning and acute ischaemic electrocardiographic changes
The most common ischaemic change on ECG was ST segment depression. Acute ischaemic changes were evident in nine patients. Their mean age was 42 (range, 27-61) years, and the male-to-female ratio was 5:4. Eight (89%) cases committed suicide by charcoal burning and one (11%) patient had CO poisoning due to an accidental fire. In seven (78%) patients, LOC developed prior to admission. There Detailed descriptive analysis of the GCS of all patients showed a bimodal distribution with one mode at GCS of 3 points and the other at GCS of 15 points. Thus, GCS of 3 points was used as an indicator of severe CO poisoning. One of the clinical indications for HBOT was COHb level of >25% and served as another indicator of severe CO poisoning. Thus, GCS of 3 and COHb level of >25% were tested as possible prognostic factors for DNS.
Due to variations in the clinical management, blood tests for Tn and CK were not carried out in all patients. Elevated Tn was defined as serum Tn level of >0.03 ng/mL on admission. Level of Tn was not checked throughout the clinical course in 44 patients but was elevated in 22 and normal in 27. Elevated CK was defined as serum CK level of >200 IU/L. This value was used for simplicity as the upper limit of normal is 180 IU/L in our laboratory. Level of CK was not checked throughout the clinical course in 32 patients but was raised in 30 and normal in 31.
Comparative statistical analysis showed that the DNS group had significantly lower GCS score, a greater proportion of patients with GCS of 3 points, and higher levels of Tn (Table 2) . However, CK levels were significantly higher in the non-DNS than in the DNS group, although the proportions of elevated CK were not statistically significant. The higher CK level in the non-DNS group can be explained by one single case of severe CO poisoning with prolonged LOC, pressure sores, and compartment syndrome leading to a supremely high CK level of 73 560 IU/L on admission. The result is better illustrated by comparison of the median and interquartile range as shown in Table 2 . The association between the possible benefit of HBOT and DNS was not Abbreviations: BP = blood pressure; CK = creatine kinase; COHb = carboxyhaemoglobin; DNS = delayed neurological sequelae; ECG = electrocardiogram; GCS = Glasgow Coma Scale score; HBOT = hyperbaric oxygen therapy; IQR = interquartile range; LOC = loss of consciousness; SD = standard deviation; Tn = troponin * Unless otherwise indicated In order to identify possible prognostic factors for DNS development and to eliminate the possible effect of HBOT, a second comparative analysis was performed between the DNS group and non-DNS group after excluding those patients treated by HBOT (Table 4 ). This second analysis showed that when compared with the non-DNS group, the DNS group had a significantly greater proportion of patients with LOC and GCS score of 3, lower GCS score, higher levels of Tn and CK, higher proportion of patients with elevated Tn, and higher tendency to have been intubated.
Since the HBOT group did not develop DNS and the DNS group did not receive HBOT, another univariate analysis was performed to detect any significant difference between these two groups ( Table 5 ). This showed that the DNS and HBOT groups were similar for all the above tested variables, except for the Tn level that was significantly higher in the DNS group. The proportion of patients with elevated Tn was similar for the two groups, however.
Discussion
Pathophysiology of carbon monoxide poisoning
Carbon monoxide is a colourless, odourless, nonirritating but highly toxic gas produced during incomplete carbon combustion. A small amount of CO is produced after degradation of heme physiologically in human body. 9 Poisoning of CO develops only after the dose exceeds the elimination capacity. The elimination half-life of COHb in humans is approximately 208 to 358 minutes in room air, 10 74 minutes in normobaric oxygen therapy, 11 and 20 minutes in 3 atmosphere absolute pressure of HBOT. 12 Carbon monoxide binds to haemoglobin, myoglobin, and cytochrome oxidase with an affinity of 200 to 300 times, 30 to 60 times, and 9 times more than oxygen, respectively. The decrease in oxygen carrying and delivery capacity of blood results in tissue hypoxia. 13 Cellular hypoxia causes the release of free radicals that bind with nitric oxide (NO) from heme to produce peroxynitrite (ONOO -), further
Abbreviations: BP = blood pressure; CK = creatine kinase; COHb = carboxyhaemoglobin; DNS = delayed neurological sequelae; ECG = electrocardiogram; GCS = Glasgow Coma Scale score; HBOT = hyperbaric oxygen therapy; IQR = interquartile range; LOC = loss of consciousness; SD = standard deviation; Tn = troponin * Unless otherwise indicated inhibiting cytochrome oxidase and resulting in DNA damage and apoptosis. [14] [15] [16] The clinical presentation of 'cherry-like' skin discolouration is secondary to the red colour of COHb and CO-induced vasodilation. Headache from CO poisoning is likely mediated by extracerebral and intracerebral vasodilation with displacement of NO from heme by CO. 15, 17 On the other hand, DNS is likely to be caused by the combination of COHb, mitochondrial oxidative stress, NO, ONOO -, oxygen free radicals, apoptosis, immune-mediated injury, inflammatory response, brain lipid peroxidation, and other unknown mechanisms.
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Delayed neurological sequelae
There is no universal agreed definition of DNS following CO poisoning. It is typically preceded by a lucid period of 2 to 40 days after the initial poisoning. 20 Clinical manifestations range from impairment of concentration, attention, learning, memory, language and motor function, as well as psychiatric functions such as depression, dementia, psychosis and mutism, to neurological dysfunction such as paralysis, convulsion, urine or faecal incontinence, gait disturbance, and Parkinson-like syndrome.
According to the uniqueness of the health care system in Hong Kong, there is more than a 90% chance that patients with severe DNS will rely on the public sector for further management. In addition, all cases were analysed for detection of DNS until December 2014 in this study. All cases were followed up by CMS record for more than 1 year, thus most patients in this cohort who developed severe DNS should have been captured. Contrary to the current belief that onset of DNS development ranges typically from a few days to a few weeks, 23 this study showed that DNS might present as late as 6 months to 1 year after the index CO poisoning. Regular follow-up is required to detect the onset of DNS. Further studies are necessary to determine the optimum follow-up duration for DNS.
All seven DNS cases illustrated that DNS secondary to CO poisoning can be very debilitating to both patients and their caretakers. Of 93 patients, only 55 (59.1%) were followed up in our psychiatric unit. None of the 93 patients with CO poisoning were followed up in our medical unit. No mild-tomoderate case of DNS was reported in this study, probably due to the absence of a standardised treatment protocol and formal neuropsychiatric tests for detection of DNS secondary to CO poisoning. It is therefore likely that cases of mild-to-moderate DNS are underdiagnosed and under-reported in Hong Kong. In order to diagnose DNS secondary to CO poisoning, a standardised treatment protocol with adequate follow-up and neuropsychiatric tests is recommended.
We identified the following prognostic factors associated with DNS development in patients with severe CO poisoning: LOC, lower GCS score, GCS score of 3, intubation requirement, elevated Tn level, and higher levels of Tn and CK. Other investigational prognostic markers reported worldwide include S100B protein, 24 low Mini-Mental State Examination score, 25 positive computed tomography of brain, 25, 26 and plasma copeptin. 27 The results of this study reveal that severe DNS did not develop in any patient with severe CO poisoning who was treated with HBOT at PYNEH between 2008 and 2013. Although the results did not reach statistical significance due to limited sample size, this 100% protective effect indicates a potential clinical benefit of HBOT to prevent severe DNS in patients with severe CO poisoning. In order to look for potential selection bias between the DNS group and HBOT group, comparative univariate analysis between the DNS and HBOT groups was performed ( Table 5 ). The DNS groups and HBOT groups were similar in terms of the initial presentation. Although the magnitude of Tn level in the DNS group (2.56 ± 1.3 ng/mL) was statistically greater than that of HBOT group (1.10 ± 2.6 ng/mL) with a P value of 0.015, it was not clinically significant in terms of patient management. The sole different factor was the treatment of HBOT. It is strongly suggested that HBOT prevents DNS development in severe CO poisoning.
The role of HBOT in the management of patients with CO poisoning remains controversial with conflicting results from large randomised controlled trials. All trials have been criticised for bias, thus there has been a pledge for a betterdesigned trial with multicentre participation. Nonetheless ethical, financial, and practical issues associated with most clinical toxicology studies make such a trial unlikely in the near future. The results of this study did show clinical significance despite a statistically insignificant result. Current literature supports the potential of HBOT to prevent or treat DNS resulting from CO poisoning. 2, [4] [5] [6] [7] 22 On balance, HBOT should be considered for all patients at risk of development of neurological sequelae. 22 In Hong Kong, HBOT has been underutilised in public hospitals because of the unavailability of hospital-based hyperbaric chambers. Most patients in Hong Kong with severe CO poisoning do not receive HBOT because of the risks of transporting a critically ill patient to Ngong Shuen Chau, the inadequacy of intensive care support in the hyperbaric chamber of Ngong Shuen Chau, occupational hazards, beliefs of individual health care providers, and availability of expertise. A hospital-based hyperbaric oxygen chamber is essential to decrease the burden of HBOT and provide timely treatment in a safe environment for patients with severe CO poisoning.
Records retrieved from CDARS for the period 2003 to 2013 revealed 1451 patients with CO poisoning who presented to HA hospitals. This indicates that approximately two patients with CO poisoning presented to hospitals every 5 days over the last 10 years. According to the indications for HBOT adopted in this study, the percentage of patients in whom HBOT was indicated was 67.7% (63/93). Assuming three sessions of HBOT would have been required for each patient and the percentage of patients requiring HBOT over the last 10 years was 67.7%, it can be estimated that 295 sessions of HBOT would have been required by patients treated in HA hospitals (1451 patients x 67.7% x 3 sessions / 10 years = 295). If a hyperbaric oxygen chamber is available in a public hospital, more patients with CO poisoning can be treated in a safe and controlled environment. Suppose the incidence of DNS in Hong Kong is similar to that worldwide (10%-30%), then 145 to 435 instances of DNS may have been potentially prevented in these 10 years. In addition, the length of stay in hospital may have been significantly decreased.
Limitations
First, selection bias existed in this study although diagnosis coding entry has been compulsory in the accident and emergency department of PYNEH since 2008. It is possible that some patients with CO poisoning were admitted with another principal diagnosis and discharged without coding of CO poisoning. If this is the case, then not all patients with CO poisoning during the study period were retrieved in this study. This was a single-centre study and results might not be applicable to all patients with CO poisoning in Hong Kong. Second, there was information bias due to its retrospective nature. Not all patients were investigated with Tn, CK, and ECG leading to potential bias. The time of investigations and oxygen treatment given to patients were not standardised giving rise to difficulty in interpretation of a relatively low COHb level at presentation. In addition, no neuropsychiatric tests were performed to detect any DNS after CO poisoning, resulting in underdiagnosis of DNS. The strength in information bias is the outcome measurement of DNS and laboratory results that provide an objective measure, unlike a questionnaire. Third, confounding bias was inevitable as 45.2% of patients had co-ingestion of medications or alcohol. This might have influenced the initial clinical presentation as well as the results. Subgroup analysis of different medications was not shown because of the diversities and complexity without significant results. Lastly, despite the length of the study period, the sample size was inadequate to provide statistically significant results.
Conclusion
Although not statistically significant, this study showed 100% protective effect of HBOT against development of severe DNS in patients with severe CO poisoning. Further study with better study design is warranted. This study revealed that LOC, low GCS score, intubation requirement, elevated Tn and higher CK levels were possible prognostic factors for development of DNS. As there was no standardised treatment protocol and no formal follow-up arranged for detection of DNS in patients with severe CO poisoning, mild-to-moderate DNS was probably underdiagnosed and under-reported in Hong Kong. A well-defined treatment protocol, appropriate follow-up duration, and neuropsychiatric tests together with a hospital-based hyperbaric chamber are recommended for management of patients with severe CO poisoning.
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